Postmenopausal women are at a higher risk of ovarian cancer due, in part, to increased levels of gonadotropins such as luteinizing hormone (LH). Gonadotropins and other stimuli are capable of activating two pathways, PKA and PKC, that are altered in ovarian cancer. To determine the role of LH on ovarian cancer, we explored the effects of human chorionic gonadotropin (hCG), an LH mimic, and an activator of the PKC pathway, phorbol-12-myristate 13-acetate (PMA), on ovarian cancer cell-cycle kinetics and apoptosis in Ovcar3 cells. PMA treatment increased cells in the S phase of the cell cycle and initially increased apoptosis after 4 h before diminishing apoptosis after 8 h. Treatment of ovarian cancer cells with hCG had no effect on these parameters. The PKC pathway is known to differentially regulate matrix metalloproteinase (MMP) expression. Results showed that ovarian cancer cells treated with PMA increased MMP7 and MMP10 mRNA levels after 8 h of treatment, and expression remained high after 12 h before decreasing at 24 h. The mRNA expression of extracellular matrix metalloproteinase inducer (BSG), an activator of MMPs, was unaffected by PMA. Due to the role that MMPs play in migration, we investigated the effect of PMA activation of MMPs on ovarian cancer cell migration. The use of the MMP inhibitor GM6001 blocked the increased migratory effects of PMA on ovarian cancer cells. Together, these studies show that activating the PKC pathway causes significant changes in cell cycle kinetics and selective expression of MMPs that are involved in enhancing ovarian cancer cell proliferation and migration.
INTRODUCTION
Ovarian cancer is the leading cause of death in women with gynecological malignancies [1] . The risk of ovarian cancer increases with increased ovulation rate as well as with the use of fertility drugs, while pregnancy and the use of oral contraceptives have been shown to decrease the chances of developing the disease [2] . Infertility drugs, including gonadotropins, have been studied in relation to ovarian cancer risk. The use of infertility drugs and their relationship to ovarian cancer remains an important question since we live in an in vitro fertilization (IVF) era. However, the association between the use of fertility drugs and ovarian cancer remains controversial [3] [4] [5] [6] [7] [8] .
In addition to exposure to elevated gonadotropins during the reproductive years, postmenopausal women have high levels of gonadotropins such as luteinizing hormone (LH), which has led to the postulate that this elevated gonadotropin may be associated with ovarian cancer [9] . Due to the important implications of elevated gonadotropins in postmenopausal women, the relationship between LH receptors and ovarian cancer has been investigated in ovarian cancer patients, and LH receptors were found to be expressed in five out of seven ovarian borderline tumors, four out of five benign cystadenomas, and about 50% of epithelial ovarian cancers, but none in the germ cell tumors [1] . The impact of LH on the development of ovarian cancer remains an important area of investigation because of the elevated postmenopausal levels of LH and the association of LH receptor expression with ovarian tumors [1] .
Cancers typically originate from the misregulation of oncogenes, tumor suppressors, as well as changes in members of the PKC and PKA families and their activation [10, 11] . The PKA pathway is known to be activated by LH and its mimic, human chorionic gonadotropin (hCG), which in turn causes changes in gene expression [12] that ultimately impact the proliferation and invasive capabilities of ovarian cancer cells [9] . Likewise, activation of the PKC pathway by various tumor promoters as well as phorbol-12-myristate 13-acetate (PMA) alters normal physiologic gene expression as well as cell migration, invasion, proliferation, and the cell cycle [13] . The PKC pathway has been implicated in the development and progression of several types of cancer, including breast and ovarian cancer [11] . In fact, previous studies have shown that alterations in the expression of the PKC family members may be used as a biomarker of aggressive forms of ovarian cancer [14] . Activation of the PKC pathway was shown to decrease cisplatin-induced apoptosis and ultimately resistance to cisplatin [15] . Therefore, members of both the PKA and PKC family have been suggested as potential therapeutic ovarian cancer targets [16, 17] .
The PKA and PKC pathways are also known to differentially regulate the expression and activity of the MMPs [18] . The matrix metalloproteinases (MMPs) are a family of proteinases that consists of 23 enzymes that are involved in extracellular matrix (ECM) homeostasis. In order for tumor cells to metastasize and invade, it is crucial for these proteinases to disrupt the surrounding matrix [18, 19] . MMPs are known to be important players in matrix degradation necessary for cancer progression [20] , and MMP levels may be used to aid in the detection of tumor recurrence [20] . However, little is known about the selective expression of these proteinases in response to PKA and PKC pathway activation in ovarian cancer.
In the present study, we hypothesized that LH would drive ovarian cancer cell progression through the PKA pathway. Alternatively or in combination with LH, activation of the PKC pathway would stimulate ovarian cancer cell growth. To test this hypothesis, we examined the role of the PKA and PKC pathways using hCG or PMA, respectively, on ovarian cancer cell cycle kinetics and apoptosis as well as determined the temporal expression of MMPs in ovarian cancer cells. We also investigated the effects of MMP inhibitors on ovarian cancer cell migration.
MATERIALS AND METHODS

Cells, Media, and Reagents
All cell lines (Ovcar3, CaOv3, and Skov3) and cell culture media were obtained from the American Type Culture Collection. RPMI (Roswell Park Memorial Institute) 1640 was used for Ovcar3 cells, supplemented with 20% fetal bovine serum (FBS), 100 units penicillin, 100 lg streptomycin, and 0.25 lg amphotericin B from Gibco-Invitrogen. CaOv3 and Skov3 cells were grown in Dulbecco modified Eagle medium and McCoy 5A medium, respectively, both supplemented with 10% FBS and antibiotics as above. PMA and hCG were purchased from Sigma-Aldrich. Cells were maintained at 378C in a 5% CO 2 incubator until cells reached the desired confluence described below. The MMP pan inhibitor GM6001 and MMP2/9-specific inhibitor were purchased from Chemicon International and Calbiochem-EMD Biosciences, respectively.
RNA Isolation
In order to examine MMP expression, cells were grown to 60%-90% confluence. Cells were serum starved for 24 h and treated with one of the following: vehicle control (0.1% dimethyl sulfoxide [DMSO]), 1 IU hCG, or 20 nM PMA for 4, 8, 12, or 24 h. Cells were collected and RNA isolated using an RNeasy kit from Qiagen as per the manufacturer's protocol. RNA concentration was determined with a Nanodrop 1000 (Thermo Scientific). One microgram of RNA was reverse transcribed using SuperScript III with Oligo (dT) 18 primers for use with real-time PCR according to the manufacturer's protocol (Invitrogen) as previously described [21] .
MMP and TIMP mRNA Analysis
Expression of the levels of mRNA for MMPs and TIMPs was analyzed by real-time RT-PCR using SYBR Green (SybrGreen supermix, Invitrogen) and TaqMan (Applied Biosystems Taqman gene expression mastermix) methodologies. For SYBR green, the oligonucleotide primers for MMP2, 7, and 9 and TIMPs are shown in Table 1 . GAPDH was used as a control gene. The thermal cycling steps were designed to include 2 min at 508C, an initial denaturation step for 10 min at 958C, and then 15 sec at 958C, 30 sec at 588C, and 45 sec at 728C for 45 cycles, followed by 1 min at 958C, 30 sec at 588C, and 30 sec at 958C for ramp dissociation. TaqMan was used to analyze levels of mRNA for MMP8, 10, and 14 and extracellular matrix metalloproteinase inducer (EMMPRIN), which is also known as BSG. TaqMan 20X Gene Expression Assay solutions containing the oligonucleotide primers for human MMP8 (RefSeq: NM_002424.2), human MMP10 (RefSeq: NM_002425.1), human MMP14 (RefSeq: NM_008608.3), human BSG (RefSeq: NM_198589), human MMP11 (RefSeq: NM_005940.3), human LH receptor (RefSeq: NM_000233.3), and human GAPDH (RefSeq: NM_002046.3), an internal endogenous control gene, were purchased from Applied Biosystems. The thermal cycling steps were programmed as follows: 2 min at 508C to permit AmpErase uracil-N-glycosylase optimal activity, a denaturation step for 10 min at 958C, and then 15 sec at 958C and 1 min at 608C for 45 cycles, followed by 1 min at 958C, 30 sec at 588C, and 30 sec at 958C for ramp dissociation. The relative amount of mRNA in each sample was calculated following the 2 ÀDDCT method and normalized to GAPDH. At least three samples per treatment were analyzed for SYBR green or TaqMan gene expression experiments.
Apoptosis Assay
Annexin V was used to detect apoptosis. Ovcar3 cells were grown to 60%-90% confluence. Cells were consequently incubated in serum free media for 24 h and treated for an additional 24 h with one of the following: Vehicle control (DMSO), or 20 nM PMA, or 1 IU hCG (160 ng/ml). Cells were then analyzed for apoptosis using the Vybrant Apoptosis Assay kit with Alexa Fluor annexin V/propidium iodide from Invitrogen (Catalog # O11492) as previously described [22] . Briefly, cells were washed, trypsinized, and pelleted by centrifugation (400 3 g). The pellet was resuspended in 100 ll annexin V 13 binding buffer, and 5 ll of Alexa Flour 488 annexin V and 1 ll of 100 lg/ml propidium iodide solution was added to the cells and incubated at room temperature for 15 min. Samples were analyzed using flow cytometry readings at 530 nm and .575 nm in the FacsCalibur flow cytometer (Becton Dickson) in the core facility at the University of Kentucky. Each treatment was conducted in triplicate, and the experiment was repeated three times.
Cell Cycle Assay
Changes in cell cycle were measured using propidium iodide staining. Cells were incubated and treated as described above in apoptosis assay. Cell cycle analysis was performed using flow cytometry, as previously described by Vindelov et al. [23] and as routinely performed in our laboratory [22] . Briefly, cells were washed and then incubated at 378C for 5-10 min with trypsinethylenediaminetetraacetic acid and a permeabilizing solution containing trisodium citrate dehydrate, Non-idet P40 (Sigma), spermine HCl (Sigma), and Tris-hydroxymethyl aminoethane. Subsequently, cells were incubated with a solution containing trypsin inhibitor and ribonuclease A for 30 min at 378C. Propidium iodide in combination with spermine HCl was then added to the cells for 30 min and incubated at 48C. The suspension was analyzed using a FacsCalibur flow cytometer. Ratios of cells in the G 0 /G 1 , S, and G 2 /M phases of cell cycle were determined on the basis of their DNA content and presented as cell percentage. Each treatment was conducted in triplicate, and the experiment was repeated at least three times.
Cyclic AMP Assay
Changes in cAMP were measured using Promega cAMP-Glo (catalog# V1501). Separate Ovcar3 cultures were plated (2000 cells per well) overnight, and cells were serum starved for 1 h then treated for 20 min with either hCG (n ¼ 5), forskolin (FSK; n ¼ 3), or vehicle control (PBS for hCG, n ¼ 5, or ethanol for FSK, n ¼ 3). FSK treatment was used as a positive control of identical cultures (i.e., for three of the five cultures, cells were split into separate wells, with one set treated with hCG and the corresponding set treated with FSK). Cyclic AMP was measured as described by the manufacturer's protocol.
Cell Migration Assay
Uncoated transwell assays were used to measure cell migration (BD Biocoat control inserts, Franklin Lakes, NJ). Warm, serum-free RPMI 1640 media was added to the bottom well and the interior of the insert (500 l each). The transwells were incubated in serum-free media to equilibrate for 2 h in a 378C and 5% CO 2 incubator. In the meantime, Ovcar3 cells were seeded at 1.5 3 10 5 cells suspended in 500 ll serum-free RPMI 1640 media to the top well with vehicle control, 20 nM PMA, 25 or 35 lM GM6001, 50 lM MMP2/9 inhibitor, or a combination of the above. RPMI 1640 media supplemented with 20% FBS was added to the bottom well as an attractant. The plate was incubated for 24 h in a 378C and 5% CO 2 humidified incubator.
After 24 h, cells migrating to the bottom of the membrane were counted. Cells on the top of the membrane were removed by gentle scraping, and the insert was fixed in 70% ethanol and stained with DAPI (4 0 ,6-diamidino-2-phenylindole). Images were taken at 43 and 103 magnification. The number of 
cells present was determined using Metamorph (Universal Imaging Corp.). The number of migrating cells from each experiment was normalized to the respective control. Three experiments were performed on 3 separate days. At least three assays per treatment were performed.
Statistical Analysis
All data are presented as means 6 SEM. One-way or two-way ANOVA was used to test differences among treatments. A Student t-test was performed in two sample comparisons. The number of samples in most cases was at least nine samples. The exact number of samples per experiment is described in the results. If the ANOVA showed significant effects, a Tukey post hoc test was performed in order to identify significant differences among treatments. The means were compared, with P 0.05 considered significant. Statistical analysis was performed using R software (http://www.r-project.org/) [24] .
RESULTS
PMA Stimulated Ovcar3 Cell Cycle Progression
Ovcar3 cells have been shown to express LH receptors [7] and are responsive to PMA stimulation [25, 26] . To determine whether PMA or hCG treatment affects the distribution of ovarian cancer cells in the different phases of the cell cycle, the effects of PMA and hCG on cell cycle progression were assessed in the ovarian cancer cell line Ovcar3. There was a significant increase in cells in the S phase and a decrease in the G 0 /G 1 phase following treatment with 20 nM PMA (Fig. 1 , A-C). Cells treated with hCG did not show any change in cell cycle distribution compared to control (Fig. 1, A-C) .
PMA Causes Differential Changes in Ovcar3 Apoptotic and Viable Cell Ratio
To explore the effects of PMA and hCG on ovarian cancer cell apoptosis, we utilized FACS analysis with an annexin V assay. There was an increase in apoptotic or dead cells after 4 h of treatment with PMA ( Fig. 2A) . However, after 8 h, PMA led to the presence of fewer apoptotic cells (Fig. 2B ), but no changes were observed after 12 h (Fig. 2C) . There was an overall increase in nonviable cells over time in culture due to the removal of serum.
Human CG Increased cAMP in Ovcar3 Cells
As no changes in cell proliferation were observed in response to hCG, we determined whether LH receptor was expressed in the three cell lines using real-time PCR. LHR mRNA was present in Ovcar3 and CaOv3 cells but was absent in Skov3 (data not shown). The mRNA expression of the LH receptor in Ovcar3 cells remained unchanged after 4, 8, 12 , and 24 h of treatment with hCG (data not shown). In order to determine whether the LH receptors in Ovcar3 cells were responsive to hCG, cells were treated with hCG and cAMP levels were measured. After 20 min of hCG treatment, cAMP increased 4-fold (Fig. 3) . As a positive control, cells were also treated with FSK, which caused a 9-fold increase compared to control (Fig. 3) .
PMA Differentially Regulates Members of the Matrix Metalloproteinase Family
MMPs play an essential role in the ability of cancer cells to migrate and invade. As PMA showed more notable effects on ovarian cancer cell cycle and proliferation, we examined the temporal effect of PMA on the mRNA expression of MMP2, 7, 8, 9, 10, 11, and 14. MMP7 is of interest because it influences cancer cell invasiveness and is secreted by ovarian tumor cells [27, 28] . PMA treatment stimulated MMP7 mRNA expression at 8 and 12 h after treatment (Fig. 4A) . Similar to MMP7, MMP10 was investigated because it is one of the few MMPs expressed by tumor cells rather than stromal cells and has been shown to be detected in tumors such as lung tumors, but not in their normal counterparts [29] . MMP10 mRNA was elevated at 8, 12, and 24 h after PMA treatment (Fig. 4B) . MMP2, 9, and 14 are also correlated with tumor invasiveness [30, 31] . In the present study, MMP9 mRNA expression was elevated at 12 h after PMA treatment (Fig. 4C) , whereas MMP2, 8, 11, and 14 did not show any changes in mRNA expression (data not shown). Expression of mRNA for BSG, an MMP activator, did not change; however, its expression was abundant (Fig. 4D) . These results indicate that PMA differentially regulates the expression of MMPs in Ovcar3 cells. 
MMPS AND OVARIAN CANCER
The balance between the MMPs and their inhibitors, the TIMPs, determines the fate and composition of the ECM [32] ; therefore, we examined the mRNA expression of TIMP1 and TIMP3. Levels of TIMP1 or TIMP3 mRNA did not change across time or treatment (data not shown).
PMA Increased the Migration of Ovcar3 Cells
One of the hallmarks of cancer is the ability of cells to metastasize. Therefore, we examined whether PMA affects Ovcar3 cell migration. Treatment with 20 nM of PMA for 24 h increased Ovcar3 cell migration by about 5-fold compared to that of control (Fig. 5) . The MMP pan inhibitor GM6001 compound was capable of inhibiting the PMA induction of ovarian cancer cell migration at 35 uM but had no effect at a lower concentration (Fig. 5) . In order to determine whether the decrease in migration observed when cells were treated with GM6001 was due to changes in cell growth, proliferation was measured in the same pool of cells that were plated for the migration assay. The presence of the GM compound in combination with PMA showed no change in cell proliferation after 24 h (data not shown). This indicates that the GM6001 inhibitory effect on migration is not a result of a decrease in Ovcar3 cell proliferation. Since gelatinases have been shown to play a role in cell migration and invasion and since MMP9 was elevated in our study, we explored the role of the gelatinases in Ovcar3 migration using a MMP2/9 inhibitor. The presence of the MMP2/9 inhibitor was not able to reverse the effects of PMA on cell migration. However, when the MMP2/9 inhibitor was used in combination with a lower concentration of the GM6001, cell migration was inhibited (Fig. 5) .
DISCUSSION
Cancer is identified by the presence of six main hallmarks, the most important being ''limitless replicating potential'' [33] . Proliferation is a balance between cell cycle and apoptosis, which ultimately determines tumor growth. There are several pathways that lead to cell proliferation, most of which are affected in cancer cells. Two of the most commonly altered signaling pathways are the PKA and PKC pathways. We proposed that elevated levels of LH associated with menopause would drive the PKA pathway, resulting in ovarian cancer cell proliferation, as other investigators have reported that hCG causes an increase in ovarian surface epithelium proliferation [34] . The present findings demonstrated that hCG had no effect on ovarian cancer cell cycle progression or apoptosis. These findings, which were somewhat unexpected, led to the investigation of the hCG responsiveness of these cells. We have demonstrated that Ovcar3 and CaOv3 cells contain LH receptors and that hCG administration stimulates up to a 4-fold increase in cAMP, indicating that the lack of an effect is not due to a lack of responsiveness to hCG. However, our findings are in agreement with previous reports showing that treating Ovcar3 cells with hCG had no effect on apoptosis genes such as bcl-2 and bax [1] . 
AL-ALEM ET AL.
We also investigated the effects of PMA, a known activator of the PKC pathway, on cell cycle kinetics and apoptosis. The present findings demonstrated that PMA increased cell proliferation. These changes in proliferation noted in our experiments were due to an increased fraction of cells in the Sphase, and not due to dramatic changes in apoptosis.
Metastasis involves cancer cells migrating from their primary site of origin to distant sites in the body. In order for cancer cells to migrate, they need to escape from the matrix in which they are enclosed. MMPs are proteinases that remodel the ECM and have previously been implicated in cancer metastasis and progression [35] . Furthermore, PMA and hCG are known to regulate the MMPs in the ovary [36] . This led us to explore their expression and regulation in ovarian cancer. We investigated MMP7, also known as matrilysin [37] , because it is one of the few MMPs that is secreted by tumor cells rather than stromal cells [37] and has been shown to be expressed in almost all organ tumors in the body. MMP7 overexpression is linked to advanced cancer stages and poor prognosis [30, 38] . In ovarian cancer, MMP7 is elevated in 80% of malignant human ovarian cancer samples, while only 40% of normal or benign samples have elevated MMP7 [39] . MMP7 mRNA levels are also higher in preoperative compared to postoperative patients [27] , indicating that it may be used as a biomarker. In in vitro studies using Ovcar3 cells, MMP7 mRNA and protein were highly expressed compared to normal ovarian epithelial cells [30] . In our study, MMP7 mRNA expression was increased almost 40-fold after treatment with MMPS AND OVARIAN CANCER the PKC activator PMA. These findings indicate that ovarian tumors with an activated PKC pathway would result in increased MMP7 expression, increasing the tumor's metastatic potential, thereby leading to a more adverse outcome.
Another MMP that was highly upregulated by PMA treatment was a member of the stromelysin family, MMP10. Stromelysins activate other proteinases, such as members of the collagenase family [40] . In our study, MMP10 mRNA was dramatically upregulated 15-fold by PMA, reaching the highest expression after 12 h of treatment. This increased expression may be involved in proteinase activation or may play a role in angiogenesis, since MMP10 has been shown to alter the integrity of the vascular endothelium, thereby regulating angiogenesis and vascularization [41] .
MMPs are secreted in an inactive or pro-form and are often activated by other members of the MMP family. MMP7 is sometimes activated by MMP2 and 9 [37] , which are known to be involved in cancer progression. MMP2 has been previously shown to control the attachment and adhesion of metastatic ovarian cancer cells to peritoneal surfaces via cleaving ECM proteins and enhancing their binding to integrins [42] . MMP9 was shown to have two potential roles in tumor development, where it acts as a tumor promoter when it is present in the ovarian tumor stroma but prevents tumor advancement when it is expressed in the epithelium [43] . Furthermore, MMP2 expression has been previously correlated to advanced stages of ovarian epithelial tumors [44] . However, controversy exists regarding MMP2 and ovarian cancer, as Gershtein et al. [45] reported a decrease in MMP2 expression, whereas Cheung et al. [46] reported an increase in MMP2 and 9 expression and activity, in CaOv3 cancer cells after treatment with GnRH. These controversial results may be due to differences in the experimental design, the cells being studied, as well as different treatment concentrations. Therefore, we expanded our investigation to explore the temporal regulation of MMP2 and MMP9 expression in Ovcar3 cells. In our study, the expression of MMP2 was not changed; however, in accordance with previous reports, it was expressed in ovarian cancer cells [44] . In our results, MMP9 expression was elevated after 12 h of treatment. This is similar to previous reports showing that MMP9 significantly increased in ovarian tumors [45] .
In order to determine potential signals that regulate MMP expression, we investigated the expression of BSG, which has been previously shown to be involved in cancer migration and invasion [47] . BSG is a cell surface glycoprotein that is able to induce MMP expression. In the present study, BSG mRNA levels were very abundant, as indicated by Ct values from the PCR reaction. For example, expression of the control gene Ct values was approximately 18 cycles, whereas BSG expression was seen at 22 cycles. However, the expression of BSG mRNA did not change with PMA treatment across time. It is possible that although BSG mRNA expression remains stable, its activity may be altered [48] .
MMPs are known to be involved in cancer migration; therefore, extensive efforts have been directed at synthesizing compounds that inhibit MMPs in order to target this class of proteins in tumor cells. A number of synthetic MMP inhibitors, such as Batimastat, Marimastat and Ilomastat, have been developed and tested in different clinical settings [20, 49] . Interestingly, when we used the pan MMP inhibitor GM6001 (Ilomastat), we were able to inhibit the PMA-stimulated effects on ovarian cancer migration. This is in concordance with the possible role of MMPs in cancer migration, invasion, and angiogenesis [18] . This suggests that the major players in this model of ovarian cancer migration may in fact be MMP10 and MMP7, since the expression of these two MMPs was dramatically increased in response to PMA in our system as compared to the other MMPs. This postulate is supported by the recent report that MMP10 is involved in ovarian cancer invasion [50] . Although GM6001 is widely used to inhibit MMP action, it is important to note that when the GM6001 compound was synthesized and analyzed in 1992, many of the current MMPs had not yet been fully characterized and/or identified, such as MMP10. As such, the specificity of GM6001 to MMP10 has not been reported.
In order to further confirm that the effects we observed with the GM6001 compound are not due to changes in proliferation, cells that were used for the migration assay were also used to measure cell proliferation. Our results demonstrate that there were no changes in proliferation in cells treated with PMA, GM6001, or the combination. However, we did not observe a decrease in PMA-induced migration when a specific MMP2/9 inhibitor was used compared to the pan MMP inhibitor. Our findings are in contrast to previous reports that specific inhibition of MMP2 reversed the stimulatory effect of GnRH on Skov3 ovarian cancer cells [46] .
In summary, we demonstrate that PMA increases expression of the MMPs, cell proliferation, and cell migration in ovarian cancer cells. The increase in cell proliferation after PMA treatment is expected since the PKC pathway has been previously shown to regulate cell proliferation in ovarian cancer [51] . However, our findings that MMP7 and MMP10 are highly upregulated following PMA treatment and that an MMP inhibitor blocks PMA-induced cell migration provides evidence that these MMPs may be responsible for the increased migratory phenotype of Ovcar3 cells. Therefore, targeted inhibition of MMP7 and MMP10 may provide possible ovarian cancer therapeutic targets.
